The electrochemical properties of oligomers of thiophene (with number of monomer units, n, from 2 to 12) and fluorene (n ¼ 3 to 7) were investigated. Both sets of oligomers were characterized by the presence of two oxidation and two reduction waves as determined by cyclic voltammetry (CV), with the reversibility of the waves depending on the structural properties of the compounds. The addition or removal of a third electron was found to be difficult relative to the second, a finding shown for conjugated oligomers with chain lengths up to 7 in the case of the fluorenes and up to 12 for the thiophenes. The oligothiophenes showed a larger separation between the electrochemical waves for the same chain length, and also substantial electrogenerated chemiluminescence (ECL) signals, whose intensity increased with oligomer size. In contrast, the ECL intensity of the fluorene oligomers was essentially independent of chain length. The ECL spectra for the thiophene dodecamer were obtained with concentrations as low as 20 pM, a result that reflects a high ECL efficiency, close to that of the well-known ECL standard Ru(bpy) 3
Introduction
We describe here the results of cyclic voltammetry (CV) analyses of various thiophene and fluorene oligomers and show that the potentials for stepwise oxidation and reduction correlate with the size of the molecules and the extent of conjugation. We also detail the electrogenerated chemiluminescence (ECL) features of these molecules. Electrochemical characterization of oligomers and polymers started about 35 years ago, 1,2 with a special interest in the potentials needed for successive electron transfers (ET) from or into electroactive groups in the polymers. [3] [4] [5] [6] [7] [8] These ET reactions affect the conductivity and spectroscopic properties of the material and also provide information about the nature of the interactions among the electroactive groups on the polymer.
9-18
The earliest electrochemical measurements involving macromolecules were carried out on polyvinyl polymers (e.g., redoxactive poly(vinylferrocene)s), which showed a response that was characteristic of no electronic interactions between neighboring groups (i.e., all the electrons were transferred in a single wave).
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However polymers with interactions among the electroactive groups, e.g., where addition of an electron makes addition of an electron to a neighboring group more difficult, can show a series of waves for each sequential ET process. [9] [10] [11] For example, in conjugated polymers, there are very strong interactions between neighbouring units, at least over a certain segment size. Much less is understood about sequential ET in oligomers as well as the rules that govern the splitting between sequential waves. 19 In addition to characterization, many electrochemical investigations relate to the electrochemical preparation of polymers and the factors that affect their behavior.
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In this study we use well-defined oligomers of thiophene and fluorene as surrogates for conjugated polymers, which are widely investigated for their potential use in many practical applications. [20] [21] [22] [23] [24] [25] [26] Much of the current attention centered on thiopheneand fluorene-derived polymers stems from their unique optical properties and their possible use in organic light-emitting and photovoltaic devices. 26, 27 Although the first conjugated polymers were synthesized more than 30 years ago, their structure, composition and behavior are still being actively investigated. Spectroscopically, the large size of these molecules and their stable fluorescence make them suitable for single molecule studies.
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For example, the presence of ordered, cylindrical conformations have been proposed for the poly(phenylenevinylene) system, a finding that has been rationalized in terms of short range emission localized within so-called ''quasi-straight-chain'' fragments of 5 to 20 units. 31 Electrochemical studies of large polymers are, however, hampered by small diffusion coefficients and low concentrations in convenient solvents, as well as polydispersity. Operationally, this results in small currents for stepwise processes. Thus, for fundamental studies, it is better to use pure, monodisperse molecules (i.e., discrete oligomers). If appropriately designed, such species could be useful in uncovering correlations between polymer structure and oxidation/reduction potential. To date, there have been a number of electrochemical studies of monodisperse oligomers, as well as polymers with up to 96 repeating units. [32] [33] [34] [35] [36] [37] Studies of electrochemical behavior of oligomers of phenylvinylenes, boron dipyrromethene (BODIPY) dyes, thiophenes, fluorenes, and spirofluorenes show the presence of more than one wave for both oxidation and reduction. 10, 11, 15, 16, 19, 38, 39 However, the separations between waves for successive electron transfers have not been delineated very clearly; neither have the differences between oxidation and reduction processes. In this work we attempt to establish guidelines for the separation between electrochemical waves for a range of thiophene and fluorene oligomer lengths. The thiophenes and fluorenes used in these studies are shown in Scheme 1. Substitution of the a-and a 0 -positions in the thiophenes was used to prevent chemical oxidation through these positions.
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Electrogenerated chemiluminescence (ECL) properties are also investigated to evaluate the effect of the structure and chain length on the wavelength and intensity of the emitted light. Previous studies for BODIPY molecules showed a substantial decrease of the ECL signal with size from monomer to dimer, trimer and polymer. 11 The decrease of the signal was correlated with a decrease in the fluorescence intensity. This work demonstrates different effects of chain length on the ECL intensity for thiophene and fluorene oligomers. We also show that thiophenes dimerize on reduction in ECL studies. The use of ECL emission has been shown to be a useful technique in studies of dimerization and the formation of coupling products. 50 were synthesized according to literature procedures. Thiophene t-dimer-1, t-hexamer-1, electrochemical-grade anhydrous MeCN (99.93%), dichloromethane (DCM) (99.8%), 99% benzoyl peroxide, and tetra-n-butylammonium hexafluorophosphate (TBAPF 6 ) were purchased from Sigma-Aldrich Chemical Co. (Milwaukee, WI). Fluorene trimer, pentamer and heptamer were purchased from American Dye Source Inc. (Baie D'urfe, Quebec, Canada). All other chemicals were purchased from Sigma-Aldrich or Alfa Aesar (Ward Hill, MA) and used as received. Solvents for synthesis were dried using a Vacuum Atmospheres (Hawthorne, CA) solvent purification system or were distilled using standard methods. 51 All reactions were carried out under an atmosphere of nitrogen. High resolution mass spectra (HRMS) were obtained by chemical ionization (CI) using a VG analytical ZAB2-E spectrometer. NMR spectra were obtained on a Varian Unity INOVA 400 MHz spectrometer in CDCl 3 containing TMS as an internal reference.
Synthesis 5-(2-Hexyldecyl)-2,2
0 -bithiophene. To an oven dried Schlenk flask was added 2,2 0 -bithiophene (2.00 g, 12.0 mmol) and THF (30 mL). The solution was cooled to À70 C, and n-butyllithium in hexanes (4.30 mL, 2.8 M) was added dropwise via syringe. After 1 h of stirring the solution was warmed to À20 C, and 1-bromo-2-hexyldecane (3.66 g, 12.0 mmol) was added in one portion. The solution was warmed to ambient temperature and stirred for 4 h, at which point a condenser was fitted and the mixture was heated to reflux overnight. Upon cooling the reaction mixture was quenched with 5 mL of 6 N HCl, and was extracted into hexanes. The solution was washed with deionized water and brine, dried (Na 2 SO 4 ) and the solvent was removed in vacuo. Subjecting the crude mixture to column chromatography (silica gel; hexanes) afforded the desired product as a yellow-green oil (1.74 g; 37% yield). (m, 2H), 7.08 (d, J ¼ 2.8 Hz, 1H), 7.14 (d, J ¼ 4.0 Hz, 1H). 
0 -bithiophene (0.737 g, 1.89 mmol) was dissolved in dichloromethane (10 mL) and was stirred at ambient temperature. N-bromosuccinimide (0.336 g, 1.89 mmol) was added portion-wise, and the resulting solution was stirred overnight at ambient temperature in the dark. The solution was filtered, and the resulting filtrate washed successively with 10% aq. KOH, deionized water, and brine, and was dried (Na 2 SO 4 ). The solvent was removed in vacuo and the crude mixture was subjected to column chromatography (silica gel; hexanes) to afford the desired product as a yellow oil (0.823 g; 93% yield). 52 an oven dried flask, equipped with a reflux condenser, was charged with Mg turnings (0.115 g, 4.70 mmol) and diethyl ether (10 mL) and was brought to gentle reflux. To this solution was added dropwise via syringe, a solution of 5 0 -bromo-5-(2-hexyldecyl)-2,2 0 -bithiophene (0.213 g, 0.450 mmol) in diethyl ether (1 mL). Two drops of 1,2-dibromoethane were added, and the reaction mixture was heated at reflux for 1 h. The Grignard solution was stirred for another hour at ambient temperature, and was transferred dropwise to a second reaction vessel containing a refluxing solution of 5,5 0 -dibromo-2,2 0 -bithiophene (0.0500 g, 0.150 mmol) and Ni(dppp)Cl 2 (0.0030 g, 0.0050 mmol) in toluene (6 mL). The resulting red-brown mixture was heated at reflux overnight and was then cooled and quenched with 6 N HCl (2 mL). The organic phase was washed with water and brine, was dried (Na 2 SO 4 ), and the solvent was removed in vacuo. The crude mixture was purified by column chromatography (silica gel; hexanes, then 3 : 1 v/v hexanes : ethyl acetate), followed by recrystallization from hexanes to afford the desired compound as a red-orange solid (0.080 g, 34% yield). C. A solution of n-butyllithium (1.16 mL, 2.5 M in hexanes) was added dropwise over 5 min, and the resulting solution was stirred at À30
C for 1 h. The solution was then cooled further to À70 C, and anhydrous copper(II) chloride (0.468 g, 3.49 mmol) was added. The solution was then warmed to ambient temperature and was stirred overnight. The reaction was quenched through the addition of brine, and the solution was then extracted with diethyl ether. The combined extracts were washed with water and brine and were dried (Na 2 SO 4 ) and the solvent was removed in vacuo. The crude material was then purified by column chromatography (silica gel; hexanes, then 5% dichloromethane/hexanes) to give t-hexamer-2 as an orange solid (0.457 g, 38%) and t-nonamer as a red solid (0.020 g, 2%). The NMR data matched that previously reported in the literature. 54 
Electrochemical and photophysical investigations
Absorbance and fluorescence measurements were carried out in THF. The photoluminescence (PL) quantum yields (F fluor ) were obtained using fluorescein (F fluor ¼ 0.95) as a standard.
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Absorbance measurements were recorded using a DU 640 spectrophotometer (Beckman, Fullerton, CA) and a 1 cm quartz cuvette. Fluorescence experiments were performed with a double-beam QuantaMaster Spectrofluorimeter (Photon Technology International, Birmingham, NJ). A 70 W Xe lamp was used as the light source and the slit width was set at 0.5 mm. Electrochemical experiments were carried out in an argon atmosphere drybox (Vacuum Atmospheres Corp., Hawthorne, CA or UniLab 2000, M. Braun Inc. USA, Stratham, NH) to preclude the presence of oxygen and water. Solutions prepared in the drybox were tightly sealed with a Teflon cap. Prior to sealing, the absence of trace quantities of oxygen or other impurities was confirmed by CV inside the drybox. A 0.0314 cm 2 platinum working electrode was used for the CV experiments and a right angle bent (J-type) Pt electrode with the same area was used for the ECL experiments involving a CCD. The geometric electrode area was determined by chronoamperometry using a 2 mM solution of ferrocene in MeCN. The diffusion coefficients of the various oligomers were obtained from the observed scan rate dependences based on the RandlesSev cik equation and by chronoamperometric pulsing for 1 s, using the Cottrell equation. Prior to each experiment the platinum working electrode was polished with 0.3 mm alumina (Buehler, Ltd., Lake Bluff, IL), sonicated in acetone, ethanol and in water for 5 min and dried in the oven at 120 C for 30 min. An Ag wire was used as a quasireference electrode and a Pt wire was used as a counter electrode. The electrochemical potential of the quasi-reference electrode was calibrated using the ferrocene/ferrocenium couple as a standard, taking E o0 ¼ 0.342 V vs. aq. SCE. 56 CV and chronoamperometry measurements were carried out with CHI 660, CHI 900B and CHI 660D electrochemical workstations (CH Instruments, Austin, TX). ECL spectra were obtained by using either a CHI 660 or an Eco Chemie Autolab PGSTAT30 potentiostat (Utrecht, the Netherlands) applying potentials 80 mV more positive and more negative than the peak potentials of the first electrochemical waves. ECL experiments with benzoyl peroxide were carried out by pulsing to 80 mV negative of the first reduction peaks. ECL spectra were recorded with a Princeton Instruments Spec-10 CCD Camera (Trenton, NJ) with an Acton SpectraPr-150 monochromator (Acton, MA). The wavelength was calibrated with a Hg/AR pen-ray lamp from Oriel (Stratford, CT). ECL intensity transients were recorded prior the ECL spectral measurements using a photomultiplier tube (PMT, Hamamatsu R4220, Japan). A Kepco (New York) high voltage power supply at À750 V was applied to the PMT. An electrometer connected with the computer and PMT (Model 6517, Keithley Instruments Inc., Cleveland, OH) was used to measure the PMT signal. Digital simulations of the CVs for monomer, dimer and trimer were carried out using the Digisim software package (Bioanalytical systems, West Lafayette, IN).
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3. Results and discussion 3.1. Photophysical investigations UV-Vis and fluorescence results for the thiophene and fluorene oligomers are shown in Fig. 1 and Fig. S1 , S2 (ESI †) and are summarized in Table 1 . As these properties have already been widely investigated, [61] [62] [63] [64] [65] [66] only a brief summary of the results is presented for purposes of comparison to the electrochemical and ECL results.
For the thiophene oligomers, substantial red shifts in both absorbance and fluorescence are seen in progressing from bithiophene (t-dimers), terthiophene (t-trimers), quaterthiophene (t-tetramer) and finally sexithiophene (t-hexamers), as would be expected for a congruent series of systems characterized by increasing electron delocalization. The relative shifts were smaller as the chain length increased from 6 to 12 units. The growth of the first, shorter wavelength shoulder and a decrease in the longer wavelength peak could also be correlated with structural changes because of the importance of geometrical orientation. 63 The presence of certain substituent groups may also influence the photophysical behavior. 63 The fluorene oligomers showed a similar trend, with the shorter wavelength peak decreasing in intensity relative to that of the longer wavelength peak as the chain length increased. The presence of multiple peaks in the oligofluorene fluorescence spectrum has been ascribed to greater delocalization of the electron density in the excited state compared with the ground state, while a decrease in signal intensity for the longer wavelength spectral feature is thought to reflect a higher degree of conjugation. 66 
Electrochemical studies
The CV of the oligothiophenes and oligofluorenes are summarized in Table 2 , Fig. 2 to 8 , and Fig. S3 to S15 †. For the sake of brevity, representative scan rate (v) dependencies and digital simulations are mainly presented in the supporting information †. Most previous studies of oligothiophenes have focused on oxidation, with fewer studies of reduction being reported in the literature. 67 Presumably, this reflects the fact that the reductions in question typically occur at quite negative potentials and that oxidations are more frequently used in (p-type) doping of polythiophene polymers. One goal of the present study was thus to carry out analyses of a set of congeneric oligothiophenes under conditions of both oxidation and reduction.
The t-dimers show the presence of a single, one electron wave on both oxidation and reduction (Fig. 2a,b) . The higher stability of t-dimer-2 is ascribed to the presence of the alkyl substitution in the a, a 0 positions. Our efforts to access the second electrochemical oxidation wave were limited by the solvent potential window, although reversible two-electron behavior was noted by Heinze et al. for a b,b 0 -modified thiophene dimer at À40 C using purified liquid sulfur dioxide as the medium.
10 Instability upon oxidation has been ascribed in part to the absence of substituents in the b-position, at least in the case of small oligothiophenes.
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However, two oxidation and reduction waves can be seen for both t-trimer-1 and t-trimer-2, with chemical reversibility being noted for both the first and second waves (Fig. 2c-f ). Using 1 : 1 (v/v) benzene : MeCN as the solvent, one can obtain a fairly wide range of potentials ($+2.2 to À2.6) for both oxidation and reduction and this is useful in comparing the electrochemical spacing between the first oxidation and first reduction processes and hence assigning the observed spectroscopic transition to the first electronically excited state. 68 This stands in contrast to what has been seen in studies involving different solvents for the oxidation and reduction (e.g., dichloromethane and THF, respectively) and highlights the fact that unknown solvent effects can introduce uncertainties into the measured potentials. These effects are caused by interaction of the produced ions or radical ions with certain solvents and formation of different reaction products. Electrochemical studies of some substituted oligomers were carried out by Hapiot et al., but those studies are mostly concerned with oxidation and its importance for oligomerization without paying too much attention to reduction or withdrawing of multiple electrons on oxidation.
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The use of MeCN as the electrochemical solvent was possible only with the heavily alkylated t-trimer-2, due to the limited solubility of the other oligomers studied. Both t-trimers show similar electrochemical behavior. Specifically, chemically reversible first waves are seen for both systems. In addition, some instability involving the second oxidation and reduction waves was seen in both cases.
The quaterthiophene t-tetramer is characterized by the presence of two nernstian first waves on both oxidation and reduction with instability in the second reduction process being seen that is ascribed to limitations involving the solvent window (Fig. 2g,h ). The CV of t-hexamer-1 shows the presence of only a small signal due to the low solubility of this compound (Fig. 3a) . t-hexamer-2, with unblocked a,a 0 -positions, shows the presence of two reversible waves on reduction and instability upon oxidation (Fig. 3b) . Conversely, t-hexamer-3, which features long, branched alkyl chains in the a-positions, is characterized by the presence of two reversible waves on both oxidation and reduction (Fig. 3c) . Consistent with what is seen for t-hexamer-2, the CVs of the sterically unhindered t-octamer, t-nonamer and t-dodecamer reveal the presence of features that are characteristic of irreversibility (Fig. 3d-f ). This can be caused by instability of the radical anion when reaching the negative limit of the solvent window. Despite this, the appearance of multiple waves is clear. Scanning to further positive and negative potentials for the t-hexamer-3 and to negative potentials in the case of t-hexamer-2 reveals the presence of the third electrochemical waves (Fig. 4a-c) . These waves occur at approximately À2.4/À2.5 V for reduction of both dyes and 1.9/2.0 V for the oxidation of t-hexamer-3 ( Fig. 4a-c) .
The phenomenon of multiple electron transfer events is more obvious in the case of the higher oligomers t-octamer, t-nonamer and t-dodecamer (Fig. 4d-f ). In this case, digital simulations confirm presence of multiple electron transfer events (Fig. S10 -S12 †). In general, the oligofluorenes showed a larger separation between oxidation and reduction peaks, around 3.3-3.5 V, with a slight decrease in the case of transition from trimer to heptamer (Fig. 5a-c) . For example, two waves are observed upon both oxidation and reduction for the f-trimer (Fig. 5a, 6a-b, S13 †) . Presumably, this reflects limitations imposed by the solvent window. Consistent with this conclusion is the fact that both oxidation and reduction are observed as multiple electron waves in the case of the f-pentamer and f-heptamer (Fig. 5b-c, 6 , S14-S15 †).
A good correlation between electrochemical and photophysical properties is observed for the systems studied. Specifically, the singlet state energies as determined spectroscopically correlate well with the potential spacings between the first oxidation and reduction waves ( Table 2) .
The hexyl chains on the oligofluorenes are thought to afford better blocking of the reactive sites presumably generated in the oxidized species as compared to the corresponding oligothiophenes. This results in a more stable oxidation process, with stability of the f-trimer being similar to that of the tdodecamer. The fluorene trimers and the thiophene dodecamers are not prone to oxidative oligomerization (Fig. 7a,b) . This is true even over the course of multiple CV scans, where no evidence of polymer peaks is observed. However scans to more positive potentials promote oligomerization. This finding is consistent with the greater reactivity expected for the more highly oxidized species (Fig. 7c,d) . Formation of the polymer or dimer with further formation of the adsorbed layer is also possible in this case. 
Discussion of the electrochemical studies
The appearance of discrete separate waves in the CVs of the oligomers permits the assignment of some guidelines for the addition or loss of electrons from different monomer units within a related set of oligomers (Fig. 8) . Ultimately, such structureproperty studies are expected to be useful in understanding the properties of conjugated polymers containing the same building blocks as are present in the oligothiophenes and oligofluorenes of the present study. [70] [71] [72] [73] Some of these guidelines were already proposed by Heinze et al. for phenylenes and phenylvinylene oligomers and oligoenes, 18, 19 and have been complemented by various theoretical treatments, e.g. VEH calculations of the first ionization potential and the electron affinities of thiophene oligomers and other monomers as a function of size. 74 Heinze et al. have demonstrated a shift of the electrochemical potential for both oxidation and reduction to lower potentials with an increase in chain length and a decrease of the separation between electrochemical waves because of strong coulombic interactions. [17] [18] [19] For our systems, in general, the addition of the first electron to a thiophene oligomer and both addition and removal of the first electron from a fluorene oligomer becomes easier as the size increases. This can be seen by inspection of Fig. 8 . For longer oligomers (n ¼ 8-12) (Fig. 8a and 8b) , the interaction energy involving a distant monomer unit is so small, that the potential for the addition of the second electron occurs at the same microscopic potential as the first. An additional conclusion is that it is relatively harder (larger DE) to remove or add the third electron compared to the second, as seen, for example, in the larger DE 2,3 separations for the f-pentamer and t-hexamer as compared with the corresponding DE 1,2 values. The same trend was seen in other examples involving phenylvinylenes, thiophenes, and BODIPY oligomers.
11,19,75
The energetic separation for addition of the second electron relative to the first varies with the extent of conjugation and the size of the oligomer. For example the thiophene trimer shows a separation between first and second electron reduction waves (DE 1,2 ) of around 0.4 V, which is larger than the 0.2 V for the corresponding oligofluorenes and 0.1 V seen for typical BODIPY dyes. 11, 38 This trend was also noticed for the bicyclo[2,2,2]octene segregated thiophene oligomers and 3,4-propylenedioxythiophene, where the appearance of a third wave was seen in the case of the hexamer. 75, 76 The fact that adding a third electron is energetically much more difficult than adding either of the first two electrons can be understood in terms of repulsive coulombic forces. For example, upon addition of electrons to a hexamer, one can envision that addition of a second electron will result in increased electron densities at the extreme ends of the polymers (units 1 and 6). Addition of the next electron should thus occur at a position of minimum coulombic repulsion, e.g. at subunits 3 or 4, and will be subject to a larger repulsive force.
At large n (number of repeating units), the limit of conjugation is reached and no further substantial change in the electrochemical potential with n is observed for the 1st electron transfer (Fig. 8a-d) . The difference between the first oxidation and reduction potentials, corresponding to the difference between the LUMO and the HOMO, corresponds to the ''electronic energy gap'' of the molecule and relates to the ECL behavior discussed below. Second and consecutive peaks reflect interactions between different monomer units. This addition is correlated with a steeper curve in plots of the dependence of the electrochemical potential on 1/n than for the corresponding first electron transfer. With increasing molecule size the absence of substantial interactions eventually permits the concurrent and simultaneous addition of electrons.
Summarizing this section, all of the results show the importance of both electrostatic interactions and electronic delocalization on the magnitude of the potential difference between electrochemical waves, where DE 1,2 < DE 2,3 for both systems. This important feature for oligomeric systems can explain the difficulty of experimentally obtaining third oxidation and reduction for some systems within the solvent/electrolyte window. This can lead to questionable conclusions about the formation of only doubly charged species and the absence of the further electrochemical processes with polymers (Fig. 5a, 6a-b, S12 †) , especially in the presence of ionic strength and ion pairing effects.
Electrogenerated chemiluminescence
ECL spectra were obtained for all of the compounds investigated. Several studies on the ECL behavior of some thiophene and spirofluorene oligomers have been previously reported. 38, 67, [77] [78] [79] [80] In this work the ECL spectra for oligomers with a large number of units, n, were obtained. In terms of length, this corresponds to a maximum n value of seven in the case of the fluorenes and twelve in the case of the thiophenes.
Annihilation ECL, which corresponds with production of the radical ions can be presented as:
A* / A + hn
Representative results are given in the main text with additional results in the supporting information (Fig. 9-10 , Fig. S16 †) . Thiophene t-dimer-1 does not show an ECL signal in the absence of coreactant as a consequence of its instability upon oxidation and reduction. Use of benzoyl peroxide as a coreactant with the reduction of unblocked t-dimer-1 causes the appearance of a strong ECL signal with a maximum wavelength of emission at 530 nm, which is very different from fluorescence wavelength at 360 nm (Fig. 9) . Addition of benzoyl peroxide does not cause chemical reaction of the dimer in the absence of any redox process over an extended time, demonstrating that an electrochemical reduction process causes formation of the tetramer or larger oligomers. Formation of the electrochemical products monitored by ECL has been reported earlier for the reductive dimerization of fluoranthene in the presence of persulfate and for the unblocked BODIPY dyes. 43, 44 The mechanism of the activity for benzoyl peroxide ECL can take place as follows: This mechanism is radical-substrate coupling (rsc). 81 The other mechanism including radical-radical coupling (rrc) is also possible: 
While methods exist for distinguishing between the rsc and rrc routes in typical electrochemical systems involving radical cation generation, 82 the exact mechanism of the dimerization and further oligomerization is difficult to determine in the present case because of the presence and reactivity of the coreactant, BPO. Generally the rrc mechanism is found in most studies for the dimerization or oligomerization of monomers or short oligomers.
6,11 This mechanism differs from that usually seen for ECL, where the wavelength of fluorescence is close to that of the ECL signal:
The thiophene dimer-2 produces only a small annihilation ECL signal because of the instability of the radical cation, which is produced in only small amounts. The resulting ECL emission is substantially red shifted compared to the PL; presumably, this is due to emission of a coupling product (Fig. 10a) . The shift of the ECL emission is 100 nm less than that of the t-dimer-1 and the ECL maximum is at a shorter wavelength than the fluorescence of the t-tetramer. The ECL wavelength was the same in the presence of benzoyl peroxide suggesting absence of dimerization or further oligomerization with t-dimer-2. The trimers produce stronger ECL signals with a close agreement with the PL (Fig.-S16a,b † ). There is a further increase in the ECL signal with chain length, e.g., for the t-tetramer. Presumably, this reflects the greater relative stability of the radical ions, as well as a general increase in the fluorescence quantum yield (Fig. 10b) .
The ECL signal observed for 0.05 mM t-hexamer-1 (Fig. 10c ), demonstrates that it is possible to obtain ECL spectra even in cases where low solubility of the compounds precludes the generation of a substantial CV response. The t-hexamer-3, with long, branched alkyl substituents in the a-positions, is characterized by the presence of shorter wavelength emission features, which disappear with addition of BPO (Fig. 10d,e) . These spectral features probably reflect some formation of aggregates that are stabilized by the long alkyl chains, as seen previously in other systems. 83 The radical cations are unstable in the absence of a-substituents (e.g., t-hexamer-2, t-octamer, t-nonamer and t-dodecamer) and good ECL spectra cannot be obtained through annihilation (Fig. S16c-f †) . However with BPO as a coreactant, measurable signals were obtained. A strong ECL signal corresponding to the PL was observed for the t-dodecamer and ECL spectra could be obtained even with 20 pM solutions (Fig. 10f,g ). The intensity of this signal, albeit obtained in a nonaqueous solvent, is close to that observed in aqueous media for Ru(bpy) 3
2+
, used commercially for aqueous biological assays. [84] [85] [86] [87] [88] The dodecamer produced much brighter ECL signal than the corresponding dimer, trimer or hexamer, in agreement with the trend in the fluorescence data noted above (Tables 1 and 2 ). These results indicate that any decrease in the ECL signal because of a decrease in diffusion coefficient in the range of molecular weights from dimer to dodecamer, is comparatively smaller than the effect of increased fluorescence efficiency. This increase appears to be related to the extent of delocalization of the electron density. In contrast to the oligothiophenes, the fluorene oligomers show ECL spectra characterized by a high efficiency even for the trimer (Table 2 , Fig. 10h-j) . Here, however, an increase in chain length did not lead to an enhancement in the ECL intensity and, in fact, a small decrease in the ECL signal was seen (Table 2) .
Conclusions
A series of electrochemical studies revealed the presence of multiple electron transfer steps for oligomers of thiophenes as well as those of fluorene. This conclusion was found to hold true over a wide range of samples and chain length sizes. The separation between sequential waves was attributed to the structures of the materials. The thiophene oligomers were characterized by a larger separation between the electrochemical waves for both oxidation and reduction as compared to the corresponding fluorenes of the same chain length, a difference that may be due to a higher extent of conjugation and smaller size relative to the bulky fluorene molecules as compared to the thiophenes. In all cases, it was found to be more difficult to add or remove a third electron as compared to a second electron, an effect ascribed to increasingly significant electrostatic effects. Thiophene and fluorene conjugated oligomers also showed strong ECL signals, attributed to the formation of stable radical cations and anions. The intensity of these signals increased with chain length for the thiophenes, but not the fluorenes. The strong ECL emission, especially with the larger oligothiophenes, suggested to us that these systems could find use in ECL-based applications. Formation of larger oligomers during ECL reactions has also been observed, demonstrating that ECL can be a useful technique for monitoring the ability of the molecules to form larger molecules from the observed emission spectrum.
